Introduction
Cannabis sativa (marijuana) is the most widely used illicit psychoactive drug in the world (1) . Also, various formulations of cannabis or cannabinoids are legally prescribed for medicinal purposes in many countries (2 -3) . Numerous individuals are exposed to cannabinoids for extended periods, often on a daily basis, with resulting potential for developing tolerance to cannabinoid effects. However, there has been relatively little systematic study of cannabis or cannabinoid tolerance in humans.
Cannabinoids are most often smoked, but oral abuse also occurs (4, 5) . Oral cannabinoids are also widely prescribed for medicinal purposes in some countries (3, (6) (7) . Oral synthetic D9-tetrahydrocannabinol (THC) (dronabinol, Marinol w ) is approved by regulatory authorities for the treatment of nausea and vomiting in cancer chemotherapy patients and for appetite stimulation in patients with acquired immune deficiency syndrome (AIDS) and other wasting diseases. Typical dronabinol doses in the United States range from 2.5 -40 mg daily, but the maximum approved dose (based on body surface area) is approximately 150 mg daily (8) . Many patients take oral cannabinoids daily for weeks or months with persisting beneficial clinical effects, while limited anecdotal evidence suggests tolerance development to the euphoria and other subjective effects that are undesirable in the clinical setting.
Early studies of cannabis tolerance in humans found that continuous round-the-clock high THC doses for prolonged periods are required for tolerance to subjective and physiologic effects (9 -10) , rather than intermittent exposure, even to high doses (11, 12) . In experienced male cannabis smokers, daily oral THC doses (10 -30 mg every 4 h escalating to 210 mg/day over three to five days) produced tolerance to the acute subjective effects of a single oral THC dose after 11 -16 days of dosing and to the acute heart rate and blood pressure effects after 9-12 days of dosing (13) . In a later study by the same investigators, the intensity of acute subjective effects from a single 30 mg oral THC challenge dose diminished 50% after four days of 60 -80 mg daily and 60 -80% after ten days of 60 -80 mg daily (11) .
Later studies showed tolerance to the subjective effects of oral THC developing after 80 -120 mg daily for four days (14) . More recently, the same investigators found no tolerance to subjective effects over two weeks of 40 mg daily in cannabis smokers positive for the human immunodeficiency virus (HIV) (15) . This paper presents data on the development of tolerance to subjective and cardiovascular effects of oral THC over six days of round-the-clock, high-dose oral THC, obtained as part of a larger study on cannabis withdrawal (16) . Plasma cannabinoid concentrations are also reported over this period to evaluate whether any observed tolerance was due to decreases in THC or 11-OH-THC concentrations, which might result in decreased activation of cannabinoid CB1 receptors.
Materials and Methods

Research protocols
The study was approved by the institutional review boards of the National Institute on Drug Abuse (NIDA) Intramural Research Program, the University of Maryland School of Medicine and the Maryland Department of Health and Mental Hygiene. All participants provided written informed consent when not acutely intoxicated or in withdrawal. For inclusion, participants were required to be 18 -45 years old, to have smoked cannabis for at least the prior year and averaging daily use for at least three months before admission, to have used cannabis within 24 h of admission, to provide a urine specimen positive for cannabinoids in the 30 days before study entry, to have normal cardiac function and to have an IQ !85 (Wechsler Abbreviated Scale of Intelligence). Exclusion criteria included past or present clinically significant medical diseases that might interfere with safe study participation; history of psychosis or any current DSM-IV axis I disorder (other than cannabis, caffeine, or nicotine dependence, or simple phobia); current physical dependence on substances other than cannabis, nicotine or caffeine; history of clinically significant adverse events associated with cannabis intoxication or withdrawal, e.g., psychosis or seizure; !6 alcohol drinks/day !4 times/week in the month prior to study entry; sesame oil allergy; or current interest or participation in drug abuse treatment.
Participants were admitted to a secure research unit the evening before Day 1, 17.5-21 h before their first oral THC dose. The unit had 24-hour staffing, ensuring that subjects had no access to drugs except those provided in the study. Cigarette smoking was not allowed on the unit, but participants had limited time each day to smoke ad lib outdoors.
An escalating dose design was utilized. Oral synthetic THC (dronabinol, Marinol w ; Unimed Pharmaceuticals, Marietta, GA) was administered in 20 mg capsules with increasing frequency (every 3.5 -6 h) for total daily doses as follows: 40 mg on Day 1, 100 mg on Days 2 -4 and 120 mg on Days 5 and 6 (Supplementary Table 1 ). The first 20 mg dose was administered on Day 1 at 15:00. This regimen attempted to standardize cannabis tolerance across these chronic daily cannabis smokers, while minimizing adverse events previously reported with 30 mg oral THC doses (14) .
Common symptoms of cannabis intoxication, drawn from the published literature (13 -17) , were assessed periodically with an 11-item battery [subjective effects scale (SES)] of 100 mm visual analogue scales (VASs) containing items typical of both intoxication and withdrawal to minimize cueing of participants: Good Drug Effect, High, Stoned, Stimulated, Sedated, Anxious, Depressed, Irritable, Restless, Craving for Cannabis and Angry/ Aggressive. The VAS for Good Drug Effect, High, Stoned, and Sedated were considered measures of acute subjective effects (cannabis intoxication). The VAS for Stimulated was analyzed as a positive control because cannabis is considered a subjectively sedating rather than stimulating drug. VASs were anchored at the left with "not at all" and at the right with "most ever." The score for each VAS was the number of mm the participant marked to the right of the left anchor point. The SES required approximately 3.5 min to complete and was administered twice daily (10:00 and 20:00), plus every 30 min for 3 h starting immediately after the morning (10:00, except 08:00 on Day 2) THC administration on Days 2, 4 and 6. Sitting systolic and diastolic blood pressure (BP) and pulse were measured daily at 08:00, 16:00 and 23:00, plus every 30 min for 3 h starting immediately after the morning (10:00, except 08:00 on Day 2) THC administration on Days 2, 4 and 6. A complete schedule of THC administration and SES, BP and pulse measurements is given in Supplementary Table 1 .
Tolerance due to cumulative THC exposure was assessed in two ways. First, tolerance to the effect of the ( preceding) cumulative THC dosing was assessed by comparing morning baseline ( pre-THC dose) VAS scores and cardiovascular measures on Day 1 at 08:00 (no prior THC), Day 2 at 08:00 (60 mg prior THC), Day 4 at 10:00 (4 days of prior THC dosing), and Day 6 at 10:00 [10:30 for cardiovascular variables (6 days of prior THC)]. Within-subject comparisons among these time points were performed using SAS Proc Mixed (SAS Institute, Cary, NC) to fit a within-subject repeated-measures analysis of variance (ANOVA). Significant overall ANOVA F-tests were followed by post-hoc contrasts from this model comparing Days 6, 4 and 2 with Day 1; Days 6 and 4 with Day 2; and Day 6 with Day 4.
Second, tolerance to the acute subjective (VAS) and cardiovascular (heart rate, BP) effects of the morning THC dose were assessed by comparing the within-day early (first 3 h) timecourse of response to the morning oral THC dose on Days 2, 4 and 6, using a within-subject repeated-measures ANOVA as before. The model was fitted as follows: Table 1 ). Collection preceded dosing when both were scheduled at the same time. Blood was centrifuged and plasma separated within 2 h. Plasma was stored at 48C (with one exception) and analyzed as soon as possible. Unconjugated cannabinoids were assayed within 10 + 5 days. One participant's plasma was stored at -208C for approximately 10 weeks due to laboratory relocation. Changes in analyte concentration over time were evaluated by two-way [study day Â time of day (morning, evening)] within-subject repeated-measures ANOVA with Greenhouse-Geisser correction. Concentrations of THC (the primary psychoactive constituent of cannabis) and of combined THC þ 11-OH-THC (the major pharmacologically active metabolite of THC) were evaluated separately.
Gas chromatography-mass spectrometry analysis Unconjugated cannabinoids (THC and 11-OH-THC) were determined by a previously reported analytical method (18) . Briefly, 1 mL 0.1 mol/L phosphate buffer ( pH 6.8), deuterated internal standards and 1 mL plasma were mixed, proteins precipitated with 2 mL cold acetonitrile, and centrifuged. Solid-phase extraction (ZSTHC020 w ; United Chemical Technologies, Bristol, PA) was followed by derivatization with 25 mL BSTFA þ 1% TMCS at 708C for 40 min, and 3 mL were injected splitless onto a two-dimensional Agilent 6890 gas chromatograph -flame ionization detector (GC -FID)/5973 MSD mass spectrometer (2D-GC -MS) with a Deans switch (Agilent Technologies, Wilmington, DE) and cryotrap (Joint Analytical Systems, Marlton, NJ). Intra-assay and inter-assay imprecision were ,11 and ,14%, respectively, and analytical recoveries were 86 -113% (18) .
Results
Fourteen participants enrolled in the larger study (16) , of whom one was discharged before receiving any medication because the study was terminated, one withdrew after one day of oral THC dosing for personal reasons, two withdrew on the fourth day of dosing (one due to premature ventricular contractions and one due to psychological reactions to THC) and 10 completed six days of dosing. All 13 participants [13 male, ten African-American, two white, one mixed race, mean + standard deviation (SD) age 24.6 + 3.7 years] who received THC are included in this study. These participants first smoked cannabis at 14.0 + 2.4 years of age and began regular (at least weekly) smoking at age 15.6 + 3.7 years. All but one participant reported at least 1,000 lifetime cannabis uses; eight reported at least 5,000 uses. All participants smoked cannabis joints and/or blunts (cannabis wrapped in tobacco leaves); five also self-administered hashish in the past. Seven participants reported lifetime experience with cannabis tolerance (needing to use more to get the same effect); five of these also reported the experience of cannabis withdrawal. At the time of study entry, participants averaged 5.5 + 5.9 (median 3.5, range 1-24) joint-equivalents daily. At admission, all participants selfreported cannabis smoking in the prior 24 h, and all provided a positive cannabinoid urine test.
All 13 participants were cigarette smokers at some time in their lives; nine were daily cigarette smokers at the time of study entry, averaging 17.9 + 18.8 (median 10, range 2 -50) cigarettes daily. The remaining four participants abstained from smoking for four and six months and eight and 10 years prior to admission. All participants had ingested alcohol at some point in their lives. The 11 current drinkers averaged 12.1 + 10.9 (median 12, range 0.25 -32) standard drinks per week over the three months before study screening; two abstained for one month before study entry. Two participants reported current oral amphetamine use, averaging two pills each week. There was no other current self-reported illicit drug use, which was consistent with urine drug test results.
Morning baseline subjective ratings of good drug effect changed significantly over the six days of oral THC dosing (Table I) (Table II) . There was a trend toward the dissipation of this acute effect by Day 4 (Table II) , after cumulative exposure to 260 mg oral THC, suggesting tolerance development (difference between Days 2 and 4: t ¼ 1.9, p ¼ 0.08). The acute intoxicating effect slightly increased on Day 6 (Table II) , suggesting no further development of tolerance with an additional 220 mg of cumulative THC exposure.
There was no significant acute effect of THC on Good Drug Effect (t ¼ 1.6, p ¼ 0.11), Stoned (t ¼ 1.6, p ¼ 0.14), Sedated (t ¼ 0.14, p ¼ 0.89) or Stimulated (t ¼ 1.0, p ¼ 0.33) on Day 2, so the development of tolerance for these parameters could not be evaluated.
Morning baseline cardiovascular parameters significantly changed over the six days of oral THC dosing (systolic BP:
Baseline systolic and diastolic BP decreased 9 -10 mm Hg over the course of dosing (i.e., after Day 1) (Table I) , the expected hypotensive cannabinoid effect (19) . Baseline heart rate increased 9-14 bpm (Table I) , the expected tachycardia following cannabinoids (19) . No evidence of a decrease in these effects was observed between Days 4 and 6 (Table I) , i.e., after an additional 220 mg cumulative exposure to oral THC, suggesting no development of tolerance for these cardiovascular measures.
On Day 2, 20 mg oral THC acutely decreased diastolic BP (Table II; No significant acute effect of THC was observed on systolic BP (Table II ; t ¼ 0.16, p ¼ 0.87) or heart rate (Table II; t ¼ 0.20, Note: Peak change from baseline over the 3 h following the morning THC dose was measured on Days 2 (08:00 baseline, after 60 mg total THC), 4 (10:00 baseline, after 260 mg total THC) and 6 (10:00 baseline, after 480 mg total THC). Subjective responses were assessed with 100 mm visual-analogue scales defined as indicated. Values presented as mean + SD. *p , 0.05 for peak change from baseline.
p ¼ 0.84) on Day 2, so the development of tolerance for these parameters could not be evaluated. Plasma concentrations of THC ( Figure 1A ) and of combined THC þ 11-OH-THC ( Figure 1B) increased significantly over the first five days of dosing and were slightly lower on Day 6, although still higher than Day 1 (F ¼ 2.6, df ¼ 5, p ¼ 0.04 and F ¼ 4.5, df ¼ 5, p ¼ 0.002, respectively). Concentrations of both analytes were significantly greater in the evening than in the morning (F ¼ 32.5, df ¼ 1, p , 0.0001 and F ¼ 40.9, df ¼ 1,  p , 0.0001, respectively) (Figure 1 ). This pattern did not change significantly for either analyte over the six days of dosing (F ¼
Discussion
This study found that substantial tolerance to the subjective intoxicating effects of oral THC developed after exposure to a total dose of 260 mg over four days. This is consistent with most, but not all, prior human studies. The one study that did not observe tolerance (15) administered oral THC doses (40 mg daily for two weeks) lower than those in other studies that showed tolerance, including by the same investigators (14) . That study involved HIVþ subjects, but it is not known whether HIV status influences tolerance development.
The tolerance observed in this study was not attributable to decreasing concentrations of THC or its active metabolite 11-OH-THC, which might have resulted in decreased activation of the CB1 receptor. Rather, plasma concentrations of these analytes increased significantly in both the morning and evening over the first five days of dosing, before declining modestly from their peak on Day 6 (Figure 1) .
In contrast to the subjective measures, this study found that no significant tolerance developed over six days to the hypotensive or tachycardic oral THC effects. One earlier study showed cardiovascular tolerance developing after 12 days of 180 mg daily oral THC (13) . Failure to observe cardiovascular tolerance in this study may have been due to the lower THC doses (maximum 120 mg daily) and shorter duration of dosing (six days). Recent studies using THC doses and dosing durations more comparable to those in this study have not evaluated cardiovascular effects.
An alternative possible explanation for these findings is that this study observed differential dissipation of previously established tolerance from participants' cannabis self-administration in the community. This tolerance dissipated for subjective intoxication, but not for cardiovascular effects. This explanation is unlikely because, although it might explain the increased subjective intoxication ratings (and unchanged cardiovascular effects) over the first two days of oral THC dosing, it does not readily account for the decreased ratings over the subsequent four days.
Two studies comparing the acute response to a cannabis challenge in heavy versus occasional cannabis smokers also found a differential response to subjective versus cardiovascular effects, whereas a third study found no differential response. The first study showed that a 15 mg oral THC challenge elicited a significant subjective response in infrequent cannabis users, but a weaker response in frequent users (20) . The same dose elicited a similar heart rate response in both groups. A second study found that smoking a single cannabis cigarette (approximately 20 mg THC) evoked significant subjective and heart rate responses in occasional cannabis smokers, but weaker responses in chronic smokers (21) . Both groups showed a similar blood pressure response to the cannabis cigarette. A third study found no difference in heart rate or subjective high response to smoking a single cannabis cigarette (approximately 13 mg THC) in daily versus occasional cannabis smokers (22) . The pattern of findings in the first two studies is consistent with tolerance to the subjective effects but no tolerance to the blood pressure effects of cannabis, similar to the pattern observed in the present study.
The mechanism of differential tolerance to THC's effects is unclear. Human studies with the CB1-receptor antagonist rimonabant indicated that both the subjective and cardiovascular effects of cannabis are mediated by activation of the CB1 receptor (17, 23, 24) . Animal studies show that tolerance to different acute cannabinoid effects develops at different rates, which may be mediated by differential down-regulation or desensitization of CB1 receptors in various brain regions (25) . A recent human PET study also found regional brain downregulation of CB1 receptors in chronic cannabis smokers (26) . This study's findings suggest that patients taking oral THC for medicinal purposes are likely to develop tolerance to subjective intoxicating effects early in therapy. This may be beneficial, in that some patients without histories of prior recreational cannabis use experience these subjective effects as unpleasant, which may result in stopping the medication. Conversely, these findings suggest that patients may not quickly develop tolerance to the tachycardic and hypotensive effects of oral THC. Although the magnitude of these effects with oral THC is modest, this suggests that caution should be exercised when using more than minimal THC doses in patients with pre-existing cardiovascular disease.
This study has several limitations, including small sample size, relatively short duration of THC dosing, and no placebo comparison group. The absence of the latter means that the possibility cannot be excluded that changes observed over the course of the study were due to adaptations to admission to a hospital environment, rather than drug effects and tolerance to these effects. However, hospital admission is associated with short-term stress, anxiety and sleep disturbance (27) , factors that seem unlikely to increase ratings of subjective intoxication. In addition, data were not collected at exactly the same time every morning, although the 2 h time difference between Day 2 and later days is too short an interval to allow significant influence by diurnal variation.
Conclusion
This is the first study in more than three decades to evaluate tolerance to both subjective and cardiovascular effects of oral THC in the same subjects. Finding differential tolerance to effects has clinical implications for individuals taking oral THC, whether recreationally or medicinally, and highlights the need for further research on pharmacodynamic mechanisms of tolerance to cannabinoids.
